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We used a combined ultrahigh vacuum scanning tunneling and atomic force microscopesSTM/AFMd to
study W tip-Aus111d sample interactions in the regimes from weak coupling to strong interaction and simul-
taneously measure current changes from picoamperes to microamperes. Close correlation between conductance
and interaction forces in a STM configuration was observed. In particular, the electrical and mechanical points
of contact are determined based on the observed barrier collapse and adhesive bond formation, respectively.
These points of contact, as defined by force and current measurements, coincide within measurement error.Ab
initio calculations of the current as a function of distance in the tunneling regime is in quantitative agreement
with experimental results. The obtained results are discussed in the context of dissipation in noncontact AFM
as well as electrical contact formation in molecular electronics.
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Scanning probe microscopes, such as scanning tunneling
microscopessSTMd and atomic force microscopessAFMd
are central tools for atom/molecule manipulation and charac-
terization in nanotechnology.1 Furthermore, a STM tip can
also be considered as a mobile electrode in the burgeoning
field of nanoelectronics, where it is widely accepted that the
role of contacts is the crucial unknown.2,3 It is thus of fun-
damental and practical importance to understand the interac-
tions between a probing tip and a sample under well-defined
conditions.

Tremendous theoretical and experimental efforts have
been made to investigate tip-sample interaction at the atomic
scale; however, many important aspects are still not well
understood.4–17 The transition from tunneling to electrical
contact is not fully characterized or understood, partially due
to variations of the experimental setups and the assumptions
made in theoretical models.7–11,18 Correlations between the
tunneling current and atomic forces have been investigated
theoretically and experimentally.4–6,11,13,15The short decay
length and associated mechanical jump-to-contact caused by
adhesive interaction forces, predicted by many theories, is
not always observed.14–17 The formation and central role of
electrical contacts in molecular electronics is only poorly
understood.2,3 Finally, the interpretation of energy dissipation
at short ranges often experimentally observed in noncontact
sNCd AFM is highly controversial.19

In this work, we investigate the force and current between
a W tip and a Aus111d-223Î3 reconstructed surface by si-
multaneous STM and AFM measurements as a function of
tip-sample separationszd at room temperature under UHV
conditions sp,1310−10 mbard. We present measurements
from large separations up to the formation of an electrical
and mechanical contact. For the experiments described be-
low, we used an improved version of the combined UHV
STM/AFM setup described in Ref. 20. In particular, anI-V
converter capable of measuring currents from 1 pA to
10 mA was implemented.21 Previously, the measured cur-

rents were limited to 100 nA, precluding a study of the con-
ductance behavior at or near contact.15 Prior to measure-
ments, the tip was annealed by passing a dc current through
the tip shank to anneal the tip and remove residual oxides
from the etching process. The tip was then negatively biased
relative to an electron collection disk 2.5 cm away until a
stable field emission current of 10 nA was observed. Based
on the Fowler-Nordheim plot, the tip radius, cross-checked
by field-ion microscopy, was estimated to be 3–15 nm.22

The sample was a 100 nm gold film thermally evaporated on
a sheet of micas5 mm by 2.5 mm by 0.05 mm, grade V1,
SPI Suppliesd at high vacuums1310−6 mbard. Both sides of
mica were coated using the same conditionssdetails in Ref.
23d and was used as sample and a force sensor by optically
detecting its deflection. Deflections were detected directly
using anin situ interferometer with a noise floor of less than
0.02 nm rms in a 0–2 kHz bandwidth.20,22 The effective
spring constant was determined to be 45±15 N/m at the
point where the tip approached the sample surface. Upon
transfer to the UHV chamber, cycles of sputtering and an-
nealing were applied to the Au sample until no detectable
contamination was found by Auger electron spectroscopy.

With our feedback loop,24 the following spectroscopy se-
quence was implemented. Starting from a reference point
defined by a tunneling current of 60 pA at a bias of 50 mV,
the feedback was switched off and the tip-sample separation
increased by a predetermined amount. While simultaneously
recording the currentIszd and the cantilever deflectionfpro-
portional to forceFszdg the tip was approached towards the
surface at a rate of 1 to 2 nm/s for a predetermined distance
and subsequently retracted by the same amount. After
completion of each approach and retraction cycle, the feed-
back was switched on again and tunneling stabilized at
60 pA for 0.5 s. After a few cycles of approach and retrac-
tion, the surface was rescanned to observe any possible to-
pography change. For the measurements presented below, no
indication of atomic changes on the sample was observed.25
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Drift was below 2 nm/h in theX, Y, andZ directions.
In the following figures, the difference between cantilever

deflection and STM piezo motion is plotted and referred to
as the tip-sample separation. Note that this corresponds to
the true change in tip-sample separation only if all atomic
positions remain rigid and thus do not relax.

A representative selection of two consecutive approach-
retraction cycles is shown in Fig. 1. At large distances, the
interaction is dominated by van der WaalssvdWd forces. Cal-
culations of vdW forces based on a sphere-plane model, a
gap of 0.6 nm and an experimentally determined force of
,1 nN yield a tip radius of,7 nm, consistent with esti-
mates from field emission data for this tip. Capacitivesi.e.,
electrostaticd forces are excluded, as a sphere-plane model
using a tip radius of 10 nm and a bias of 50 mV gives an

electrostatic force,0.01 nN, much less than the forces ob-
served here. The tunneling current increased exponentially
with an apparent barrier heightsABHd of 4.4±0.8 eV.

Upon further approach from 0.6 to 0.3 nm strong metallic
adhesion forces start playing a dominating role. For this par-
ticular tip, the current jumps from 0.1 nA to 10 nA in a
staircase-like fashion. Approximately 0.1 nm prior to the
jumps, the ABH is observed to decrease. After the jumps in
current, the force rapidly increases and reaches a maximum
attractive value of −3.5±1.0 nN, indicating a sharp tip with
an apex of approximately 1-3 atoms.15 During the staircase
jumpssdetails in Fig. 2d the ABH is found to increase rapidly
to 9.4±2.0 eV.Ab initio simulations sdetails in Ref. 13d
demonstrated that strong relaxation effects account for the
rapid increase of ABH prior to the potential barrier collapse
fFig. 2sbdg. The calculated currentfFig. 2sadg and ABH fFig.
2sbdg as a function of tip-sample separation z match the ex-
perimental results quantitatively without any adjustable pa-
rameter ssee below for the experimental determination of
z=0 nmd. The large increase in ABH is only due to a me-
chanical relaxation effect, the electronic barrier collapses as
expectedfsolid line in Fig. 2sbdg.

In the regions where strong metallic adhesion dominates
s0.6–0.3 nm separationd the current approach and retraction
paths are less well defined. On some cycles crossovers of
paths are even observed. This is an indication that, in this
intermediate region, significant charge redistribution and ato-
mistic rearrangement of tip atoms can occur. The short-range
attractive interactionfwith decay lengths of typically 0.2 nm
ssee Refs. 15–17dg is due to exchange correlation forces, ul-
timately leading to the formation of metallic adhesion or
chemical bonds. Note that this is typically the closest tip-
sample separation in published NC-AFM interaction-
distance curves.26,27 We observe no measurable approach-
retraction hysteresis within the noise on either theFszd or the
Iszd channel if the tip is not approached beyond the point of
maximum adhesion. This also indicates that piezo hysteresis
or creep is negligible in these experiments.

FIG. 1. Simultaneously acquired force-distanceFszd and
current-distanceIszd curves covering a large tip-sample separation
up to elastic contactsad, bias 50 mV; zoom the contact regimesbd,
where Fszd curves ares and 1, with correspondingIszd curves
represented byn and3, respectively. The force signals are notched
filtered at 60 and 180 Hz to remove the electronic noise.

FIG. 2. Current-distance characteristics. Inset plots are theoreti-
cally calculatedsad currentsfrom Ref. 13d and sbd work functions
sABHd vs tip-sample separation. Relaxation effects are more pro-
nounced over top sitescross, bd than hollow sitessquare, bd. The
calculated work functionsswithout relaxationd do collapsessolid
line, bd.
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During further approach, strong short-range repulsive
forces set in at point B, changing the interaction force gradi-
ent to positive. The current increased steadily with an ABH
of 0.4±0.1 eV. This region is usually referred to as the po-
tential barrier collapse regime characterized by significant
electronic and mechanical interactions. Standard tunneling
theories assuming unperturbed electrodes break down in this
regime. It is, however, the regime relevant for molecular
electronics. One would need modeling using, e.g., the Land-
auer formalism,28 with calculation of the transmission coef-
ficient taking the atomic structure of electrodesstip and
sampled into account.29 Upon further approach of the tip to
the sample, bonding states start to dominate antibonding
states and thus lowering the total energy of the system, until
a bond is formed between the tip and the sample. This mani-
fests itself as a substantial increase in attractive forcespar-
tially offsetting the increased repulsive interactionsd and a
jump in current of about one order of magnitude, shown in
detail in Fig. 1sbd, point C.

The strong correlation between current and forces indi-
cates, as expected, that the formation of an electrical contact
is accompanied by the formation of a well-defined mechani-
cal bond. Further compression of the contact yields minor
changes in current. Mechanically, the contact is elastic in this
regime: approach and retraction paths are indistinguishable.
The slope ofFszd in the elastic contact regime yields a con-
tact stiffness of the order of 20±6 N/m, giving an estimated
interaction stiffness of the order of,40 N/m. It should be
pointed out that the front tip atoms and surface atoms con-
tacted each other at point B, even earlier than point C, as
confirmed by theoretical simulations.13 An experimental
manifestation of this is the change in force gradient at B.
However, a stable, reproducible, and well-defined mechani-
cal and electrical contact point was only established when
the second and third layers of tip and surface atoms recov-
ered their equilibrium positions under the competition of at-
tractive and repulsive interactions with various decay
lengths. Note how the total relaxation of 0.3 nm between A
and B is recovered between B and C. This value is close to
the 0.2 nm relaxation predicted in Ref. 13.

We define point C as the point of contact and assign it a
tip-sample separation of 0 nmfFig. 1sbdg. The mechanical
and electrical contact point differ by,0.01 nm, equivalent
to the uncertainty and thus to the error in the measurement.
This zero tip-sample separation point is usually chosen
arbitrarily.4,15,16 The observed conductance at the electrical
contact point is 10% of the unit of quantum conductanceG0
fFig. 1sbdg, a value often observed in W break junctions.18

For atomically ill-defined tips, we experimentally observe
variations in the maximum adhesion force as well as the
magnitude of the contact force when the effective barrier
breaks down and a well-defined contact is formed. Further-
more, the absolute conductance of such a contact can vary
substantially, even for the same nominal force. Experimen-
tally, the atomic structure of the tip needs to be characterized
to allow quantitative comparison with modeling. Careful the-
oretical simulations, taking into account detailed atomic
structure of both tip and sample surface electronic properties,
charge transfer as well as relaxation effects are needed to
fully explore this conductance regime.

The major difference between retraction and approach is
the observation of a large hysteresis with a maximum attrac-
tive force of −8.0±2.5 nN. Yet, after repeated approach
curves, the point of contact is located at the same absolute
separation to within the noise limit of 0.02 nm. Jumps both
during approach as well as retraction inIszd and Fszd are
always on the subnanometer level, indicative of atomic level
phenomena. We exclude the formation of a Au nanowire be-
tween tip and sample, as no change on the Au surface is
detectable.25 W is known to exhibit extreme mechanical ro-
bustness in nanojunctions due to its high yield strength,
which however does not exclude elastic relaxation
effects.13,18,30,31The magnitude and distance characteristics
of the retraction curves as well as the amount of hysteresis
match previously published results obtained using a slightly
sharper Ws111d tip.15,16

We speculate that the repulsive and/or strong adhesive
forces acting on the tip apex of an atomically ill-defined tip
during contact formation can lead to a bistable tip atomic
configuration. After contact formation, a modified tipsin a
bistable stated is potentially susceptible to large relaxation
effects leading to substantial length increases, as are indeed
observed, as a result of the short-range adhesive interaction.
Simulations also showed that the relaxation effect is more
pronounced in Ws110d than Ws111d due to its much more
open structure.31 When the tip is far from the surface, the
bistable state relaxes back into its lower-energy configura-
tion, resulting in the initial tip structure, force and current
return to their initial values. Similar tip instabilities may also
account for the dissipation often observed in NC-AFM
measurements.19,32

In conclusion, we investigated in detail the interplay be-
tween current and interaction forces in the regimes from
weak coupling to point contact between a W tip and a
Aus111d sample. Based on the simultaneously recorded cur-
rent and force responses, we can determine the electrical and
mechanical contact points, which are found to coincide
within measurement uncertainties. This allows us to compare
with modeling without having to use any adjustable param-
eters as a well-defined zero separation point is established. In
the tunneling regime, for separations larger than 0.4 nm, our
experimental results are in quantitative agreement with mod-
eling if relaxation effects are accounted for. The magnitude
as well as the distance dependence of the observed force
clearly has an important effect on the electron transport prop-
erties of this system. Molecules have much smaller elastic
constants than metals, thus will easily be deformed by the
measured nanonewton forces. When contacted with a tip,
they are expected to show a large variability in electron
transport properties depending on the magnitude and dis-
tance dependence of forces, which are a function of detailed
tip geometry. If molecular structure-function relationships
are to be extracted from comparison with modeling, nonuni-
form and nonlocal structural deformations due to the various
forces and their associated, different decay lengths as well as
their effects on molecular electronic states need to be taken
into account. Our measurements provide a clear picture of
the electronic transport and interactions between tip and
sample at the atomic scale and should stimulate more experi-
mental and theoretical efforts to address this fundamental
issue.
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